A better conceptual understanding and more realistic parameterizations of convective boundary layers in climate and weather prediction models have been major challenges in meteorological research. In particular, parameterizations of the dry convective boundary layer, in spite of the absence of water phase-changes and its consequent simplicity as compared to moist convection, typically suffer from problems in attempting to represent realistically the boundary layer growth and what is often referred to as countergradient fluxes. The eddy-diffusivity (ED) approach has been relatively successful in representing some characteristics of neutral boundary layers and surface layers in general. The mass-flux (MF) approach, on the other hand, has been used for the parameterization of shallow and deep moist convection. In this paper, a new approach that relies on a combination of the ED and MF parameterizations (EDMF) is proposed for the dry convective boundary layer. It is shown that the EDMF approach follows naturally from a decomposition of the turbulent fluxes into 1) a part that includes strong organized updrafts, and 2) a remaining turbulent field. At the basis of the EDMF approach is the concept that nonlocal subgrid transport due to the strong updrafts is taken into account by the MF approach, while the remaining transport is taken into account by an ED closure. Large-eddy simulation (LES) results of the dry convective boundary layer are used to support the theoretical framework of this new approach and to determine the parameters of the EDMF model. The performance of the new formulation is evaluated against LES results, and it is shown that the EDMF closure is able to reproduce the main properties of dry convective boundary layers in a realistic manner. Furthermore, it will be shown that this approach has strong advantages over the more traditional countergradient approach, especially in the entrainment layer. As a result, this EDMF approach opens the way to parameterize the clear and cumulus-topped boundary layer in a simple and unified way.
Introduction
The traditional way to parameterize turbulent transport in the atmospheric boundary layer is through an eddy-diffusivity approach. This method estimates the vertical turbulent flux wЈЈ of a field as the product of the local gradient of the mean value of and an eddydiffusivity coefficient K. One well-known drawback of this method is that it cannot adequately describe an upward turbulent heat flux in the upper part of the convective boundary layer, where often a slightly stable potential temperature profile is observed. In order to resolve this deficiency, the so-called countergradient term has been introduced (Ertel 1942) , which takes into account the capability of rising plumes to ascent counter to the mean gradient.
The most popular format that takes this effect into account is the one proposed by Deardorff (1966) , which, when applied to the potential temperature , can be written as wЈЈ ϭ ϪK Ѩ Ѩz ϩ wЈЈ NL ; wЈЈ NL ϭ K␥, ͑1͒
where all notation is conventional: w denotes the vertical velocity, overbars indicate a spatial average, primes deviations from these averages, and ␥ quantifies the effect of the nonlocal transport. This formulation has been subject of numerous attempts to formally justify the nonlocal term ␥ on the basis of second-order equations (Deardorff 1972; Holtslag and Moeng 1991) and interesting analytical quasi-steady solutions of this form have been reported recently (Stevens 2000) . All these studies have concentrated exclusively on how the nonlocal format (1) can faithfully reproduce the internal structure of the convective boundary layer, although occasional claims have been made on how (1) might influence the interaction between the boundary layer and the free atmosphere (Holtslag et al. 1995; Stevens 2000) . Our main objective is to introduce a novel way to take into account the effect of strong thermals in the convective boundary layer for use in climate and numerical weather prediction (NWP) models. Contrary to the previous mentioned studies, our emphasis will be on developing a formulation that is also capable of realistically ventilating heat and moisture into the free atmosphere and, in the case of a cloudy boundary layer, into the cloud layer aloft. In fact, the original motivation of this study arose from the need to design a unified parameterization of turbulent transport in the cloud-topped boundary layer. State-of-the-art parameterizations suffer from the undesired situation that advective mass-flux parameterizations used for convective transport in the cumulus cloud layer are usually matched in an arbitrary and ad hoc manner with the eddy-diffusivity approach in the subcloud layer. In order to overcome this situation, we will propose a new method that combines the advective mass-flux approach and the eddy-diffusivity method in a coherent way, so that it paves the way for a unified parameterization of turbulent transport in the cloud-topped boundary layer. The whole concept is based on a separate treatment of the organized strong updrafts and the remaining turbulent field. The organized, strongly skewed, and nonlocal updrafts are described by an advective mass-flux approach, whereas the remaining turbulent part is represented by an eddy-diffusivity approach. The basic idea has been formulated in Siebesma and Teixeira (2000) and practical applications of this approach to the cloud-topped boundary layer have been discussed recently in Soares et al. (2004) . The main purpose of this paper is to formulate a theoretical framework for this approach with the aid of LES results, to evaluate it and compare it with other standard approaches.
The set up of this study is as follows. In section 2 we introduce the basic concepts that will constitute our approach; in section 3 we present LES results of a number of dry convective boundary layer cases that will be used throughout this study. Section 4 will be dedicated to the various closures of the parameterization scheme using the LES results of section 2. In section 5, the scheme will be evaluated and compared with other approaches. Perspectives and conclusions are presented in section 6.
Problem formulation and basic concept of the eddy-diffusivity mass-flux approach
The time evolution of a field ∈ {, q } in the Boussinesq approximation is described by
where the first term on the right-hand side (rhs) describes the tendency due to turbulent mixing and convection and the remaining term F contains all tendency terms due to advection and diabatic processes. In the absence of any diabatic processes and a zero mean wind, the total tendency is simply described by the turbulent flux divergence.
To parameterize the turbulent flux in the boundary layer, we start by designing a separation between strong organized updrafts and the remaining turbulence, such as is sketched schematically in Fig. 1 . To be more specific, we define this strong updraft as a fixed fractional area a u , say a few percent of the horizontal domain under consideration, that contains the strongest upward vertical velocities. We will make this notion more precise later in the paper. Subsequently, we can decompose the total turbulent flux of any arbitrary variable without any approximation into three terms (Siebesma and Cuijpers 1995) 
where the sub-and superscripts u and e refer to the strong updrafts and the complementary environmental part. The third term of the rhs of (3) is usually referred to as the mass-flux contribution where a convective mass flux can be defined as M ϵ a u (w u Ϫ w). If we now make use of the fact that a u K 1 we can neglect the first term on the rhs of (3) and approximate e Ӎ , so that (3) can be simplified to
wЈЈ Ӎ wЈЈ e ϩ M͑ u Ϫ ͒. ͑4͒
As we have now isolated the nonlocal transport through the mass-flux term we make the final step in approximating the remaining turbulent transport term by an eddy-diffusivity approach:
All that is needed to put this eddy-diffusivity mass-flux (EDMF) approach into gear is to obtain coefficients for the eddy diffusivity, the mass flux, and a model for the updraft fields. This will be the topic of section 4. Before we proceed further with the practical implementation of this model, let us pause for a moment to discuss the realism and motivation of the proposed two scale separation in some more detail. Historically, the mass-flux concept originates from the cloud modeling community (Arakawa 1969; Yanai et al. 1973; Ogura and Cho 1973; Betts 1973 ). This is not surprising when realizing that the joint probability density function (PDF) of w and any moist conserved variable in the cloud layer has a well-defined bimodal structure: one peak that is associated with the strong updrafts in the cloudy cores and a second maximum that is associated with the cloud induced subsidence. This bimodal structure of the PDF, obviously the result of condensational processes in the cloud layer, is exactly the reason that the mass-flux concept works so well in the cloud layer. That is to say that the second term of the rhs of (5) is a good approximation of the turbulent flux in the cloud layer. As a result, virtually all present moist convection parameterizations utilize relation (5) and, moreover, simply ignore the first term of the rhs of (5).
For the dry convective boundary layer, the situation is rather different: the joint PDF of w and only has one maximum near (, w) (Wyngaard and Moeng 1992) . Therefore, virtually all attempts to model turbulent transport in the convective boundary layer with a mass-flux approach utilize a decomposition in updrafts (w Ͼ w) and downdrafts (w Ͻ w) (Chatfield and Brost 1987; Randall et al. 1992; Lappen and Randall 2001a; Petersen et al. 1999; Wang and Albrecht 1990) . One of the reasons for this choice is probably that, for the dry convective boundary layer, there is no other decomposition for which the mass flux term in (5) gives a larger contribution to the total flux.
In this study, we utilize a decomposition between strong thermals and the remaining complementary part and build an EDMF model on this. The motivation for this approach is twofold. First, the dynamics of a thermal is strongly nonlocal since its kinetic energy in the upper part of the boundary layer is largely due to the buoyancy production in the lower half of the boundary layer. It is for this reason that an eddy-diffusivity approach based on the local gradient of the mean field is inappropriate for this important transport mechanism. A mass-flux concept is well capable of taking into account these nonlocal effects and hence we will apply this concept to these thermals. Second, thermals ultimately can be considered as the invisible roots of the clouds that feed on them (Lemone and Pennell 1976) . Therefore, a mass-flux description of these thermals allows for a natural extension of the dry convective boundary layer to the cloudy cores in the cloud layer. As these cloudy cores cover typically an area of only a few percent it is clear that an updraft-downdraft decomposition in which updrafts have a fraction of around 40% in the subcloud layer does not provide a continuous description between the subcloud and cloud layer.
That leaves us with the question how to come up with a simple operational definition of thermals (Haij 2005; Krusche and Oliveira 2004; Lenschow and Stephens 1980) . As they are coherent spatial structures, they do not show up in a Fourier power spectrum of w, , or q (but neither do cloud structures). However, they can be well identified as a peak in the global wavelet spectrum (Haij 2005; Krusche and Oliveira 2004 Stevens et al. 2001; Brown et al. 2002; . Observations also show that the highest vertical velocities are predominantly present within these thermal structures.
On the basis of these findings we define strong updrafts at a given height z in the LES model as all the grid points with a positive vertical velocity larger than the p percentile of the w distribution at that height (van Ulden and Siebesma 1997) . This p-percentile velocity w p% (z) is defined as the vertical velocity for which exactly a percentage p of the distribution contains grid points with a vertical velocity larger than w p% (z) at height z. Thus the strong updraft ensemble at a height z is simply defined as all the grid points that obey the condition w(x, y, z) Ͼ w p% (z). Since we use values for p of the order of 1% to 5% (see section 3), this definition is in line with observations of thermals analyzed with wavelets (Haij 2005) , and it provides an appropriate matching with the cloudy cores that feed on these thermals. We anticipate that the mass-flux contribution for the convective boundary layer with this decomposition will not be so dominant in (5) as in the case for cloudy cores in the cloud layer. It is exactly for this reason that we will not ignore the first term of the rhs of (5) in the present model.
Finally, note that (5) has the same format as the original countergradient formulation (1). In the present formulation, however, the nonlocal flux is described explicitly by a mass-flux term.
LES experiments
The LES code used here is the one described in Cuijpers and Duynkerke (1993) and Siebesma and Cuijpers (1995) . The basic equation sets are formulated within the Boussinesq formulation. The advection terms are numerically solved using a second order centered difference scheme and for the subgrid-scale turbulence a 1 1 ⁄2-order closure scheme is employed for which an additional prognostic equation for the subgrid turbulent kinetic energy (TKE) is solved. The simulations are performed on a numerical domain of 100 ϫ 100 ϫ 150 grid points using a uniform grid spacing of ⌬x ϭ ⌬y ϭ 50 m and ⌬z ϭ 20 m. In this study only dry free convective flows are considered. A series of six LES runs were carried out with different heat surface fluxes wЈЈ s ϭ Q * and different initial lapse rates ‫)‪z‬ץ/ץ(‬ ϵ ␥ (see Table 1 ). All runs start with the same surface potential temperature of 297.2 K and surface pressure that is set to a value of 1000 mb. The mean horizontal wind is set to zero in these simulations. Case 1 (see Table 1 ) is related to a previous intercomparison case of LES codes for the dry convective boundary layer (Nieuwstadt et al. 1991) .
As an example, the mean profiles of potential temperature of case 1 are shown in Fig. 2 
coefficient of thermal expansion), an eddy turnover time t * ϵ z * /w * , and a temperature scale * ϵ Q * /w * . As an operational definition of the inversion height z * we use the gradient method (Sullivan et al. 1998) . In this method, for any location (x, y), the local inversion height is determined as the height where exhibits the maximum gradient. The (mean) inversion height z * is then simply a spatial average over all the local inversion heights of the domain. This defines an inversion height that is slightly higher than the more conventional definition of z * as the height where the buoyancy flux is a minimum (see Fig. 3a ). The difference between these definitions is of the order of 5% to 10% which implies a difference of only 1% to 3 % for w * and * . One advantage of this definition is that it gives a smooth and continuous development of the boundary layer height with time (Sullivan et al. 1998) . Figure 3a shows the dimensionless heat fluxes wЈЈ/ Q * as a function of the normalized height z/z * averaged over the ninth hour of the simulation for all cases. Note that the main difference for the dimensionless fluxes between the different cases is in the entrainment flux (i.e. the minimum value of the heat flux). (Fedorovich et al. 2004; Sullivan et al. 1998) . The increase of the dimensionless entrainment flux is directly related with the sharpening of the inversion layer with time, as measured by the Richardson number Ri ϭ ⌬/ * where ⌬ is the temperature jump at the inversion. The lower values of the dimensionless entrainment flux in the earlier stages of the runs are due a less pronounced inversion jump. For details on the entrainment processes in the inversion layer on the basis of first-and second-order jump models we refer to two excellent papers by Fedorovich et al. (2004) and Sullivan et al. (1998) .
In order to characterize the boundary layer growth for all cases, we normalize z * (t) by the growth the boundary layer would have had in the absence of any top entrainment. This so-called encroachment growth z e (t) is easily calculated as (Stull 1988 )
͑6͒
For all cases, z * /z e converges to values within the interval [1.2, 1.3] (see also Fig. 12 ). One of the major evaluation tests will be whether the EDMF model and other related models are able to reproduce values within this interval.
As discussed in the previous section we will use p percentiles of the w field to define the strong updrafts. In order to display all mean and updraft profiles in one plot we subtract the minimum value of the mean profile min and rescale the result with * . Figure 4 shows the results for ( Ϫ min )/ * and ( u Ϫ min )/ * for p ϭ 1%, 3%, 5% averaged over the sixth hour for all six cases. A number of observations can be made here that also apply to the other simulated hours. The average profile is characterized by a super-adiabatic part up to 0.4 z * and a slightly stable part from 0.5 z * upward. The updraft profile exhibits a positive temperature excess of 1 ϳ 4 times * in most of the boundary layer but is changing sign as the updraft penetrates into the inversion around 0.8 z * . Obviously, the excess temperature is larger as we increase our threshold values w p% (z) through selecting smaller and more extreme updraft ensembles. Finally note that the updraft potential temperature is decreasing with height, which is a sign of lateral mixing of the updraft ensemble with the environment. Figure 4b displays the dimensionless updraft velocities w u /w * along with the dimensionless standard deviation w /w * for p ϭ 1%, 3%, 5% again for all cases and averaged over the sixth hour. Also shown is an empirical expression for w based on a combination of atmospheric data, tank measurements, and LES data (Holtslag and Moeng 1991) 
where we use, in the absence of a mean horizontal wind, u * ϭ 0. The agreement in the boundary layer is good while the nonzero contributions for w above the boundary layer is probably due to unphysical reflections that create waves that are not adequately damped by the sponge layer of the model. It can be observed that the updraft vertical velocity profiles scale well with w with a proportionality factor ϭ ( w /w u ) 2 Ӎ 0.15. This value is smaller than one would expect by assuming that the PDF of w is Gaussian. This is due to the fact the PDF of w is positively skewed (Wyngaard and Moeng 1992) .
Eddy-diffusivity mass-flux parameterization for the convective boundary layer
In this section, we will use the LES results of the previous section to design a parameterization for turbulent heat transport in the convective boundary layer. Our starting point is (5). Therefore, our aim is to construct the simplest possible parameterization for the updraft fields ∈ {, q }; that is, to find an eddy-diffusivity K and a mass-flux M that are capable of realistically reproducing the time evolution of the boundary layer and the internal structure. We will also set up a parameterization for the updraft velocity w u and use the height where this velocity approaches zero as a measure for the boundary layer height z * .
FIG. 4. (left)
LES results of ( Ϫ min )/ * averaged over the sixth hour of the simulation along with updraft fields ( u Ϫ min )/ * for p ϭ 1%, 3%, 5% for all cases. (right) LES results of the updraft vertical velocity for p ϭ 1%, 3%, 5% along with an LES profile of w rescaled with w * . The line corresponds with the empirical expression (7).
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a. The updraft model
The steady-state updraft budget equations for an arbitrary field within the mass-flux approximation are well known (Tiedtke et al. 1988; Siebesma and Holtslag 1996) and can be written as
where ⑀ and ␦ denote the fractional entrainment and detrainment rates, and F u contains all the external source and sink terms of the field in the updraft area a u . For ϭ u we set F u ϭ 0; that is, we assume no effects due to radiation and advection, so substitution of (8) in (9) gives a simple entraining updraft equation
For the updraft velocity, the pressure and the buoyancy term are the two main source terms (Schumann and Moeng 1991)
where the term p represents the part of the pressure that remains after subtracting the static pressure that obeys hydrostatic equilibrium. Within the spirit of the mass-flux approximation, we have neglected the pressure fluctuations within the updraft in (11). Substituting the forcing (11) in (9), using the definition of the massflux and rearranging terms gives the following steadystate budget equation for the vertical velocity
where the first term represents a transport term (T ), the second term the entrainment term (E ), and the last two terms represent the buoyancy and the pressure gradient term. Note that we attached a w subscript to the fractional entrainment rate in (12) to indicate that the fractional entrainment rate of w can, in principle, be different from the entrainment rate of (de Roode and Bretherton 2003) . The pressure term can conveniently be expressed in terms of the vertical velocity variance (Schumann and Moeng 1991)
where, in the last step, we have made use of the fact that w 2 u scales well with the vertical velocity variance with a proportionality factor Ӎ 0.15 as discussed in the previous section. Finally, we assume that the fractional entrainment rate for the vertical velocity ⑀ w is proportional to the fractional entrainment rate for ; that is,
Substituting (14) and (13) into the vertical updraft velocity equation (12) gives
Note that this vertical velocity equation has the same form as the one proposed by Simpson and Wiggert (1969) for cloudy plumes and which is widely used in moist convection parameterizations. The physical interpretation of the terms, however, is quite different. The fractional entrainment rate ⑀ is diagnosed using LES results for and u in (10). For the sixth hour we show in Fig. 5 the dimensionless fractional entrainment rate ⑀z * for p ϭ 1%, 3%, 5% for all cases. Although some systematic spread can be observed for these three definitions, the points collapse reasonably well on a single parabolic curve that can be well fitted with
LES results for the nondimensionalized reciprocal fractional entrainment rates 1/(⑀z * ) diagnosed using (10) for p ϭ 1%, 3%, 5% for all six cases averaged over the sixth hour. The full line represents the parameterized form (16).
with c ⑀ Ӎ 0.4. This parabolic shape, already proposed in van Ulden and Siebesma (1997) , strongly suggests that the entrainment length scale ⑀ Ϫ1 (z) is determined by the dominant eddy size at height z (see also Fig. 1) . Such an identification also explains the strong resemblance between ⑀ Ϫ1 and the length scale used in TKE schemes (Cuxart et al. 2000; Bougeault and Lacarrère 1989; Teixeira et al. 2004 ). The use of (10) to diagnose ⑀ becomes ill defined when the excess has a zero crossing. This explains the scatter of the diagnosed value of ⑀ in Fig. 5 around the inversion.
The ⑀ ϳ z Ϫ1 behavior near the surface has been reported recently also, based on LES results, for a simple updraft-downdraft decomposition (de Roode et al. 2000) . The z Ϫ1 scaling has the advantage that the precise choice of the initialization height z 1 becomes irrelevant in the limit of a neutral boundary layer. More precisely, if has a logarithmic profile, it is easy to show, using (10) that for ⑀ ϳ z Ϫ1 the excess u Ϫ becomes height independent (see appendix A). For the present cases, which are in the free convective limit, is described by a power law in the surface layer. In that case, there is still a small dependency of the temperature excess, but still much smaller than in the case of a nonentraining adiabatic ascending plume.
Next we will evaluate the vertical velocity budget equation (12) This allows averages to be shown over the sixth hour of the budget equation for all six cases. It can be observed that the most important source term for the updraft vertical velocity is the buoyancy term. The entrainment term is a remarkable constant sink term while the pressure term is a source term in the lower half of the boundary layer and a sink term in the upper half. Overall the sum of the three budget terms (B, P, E) generate a net source term in the lower part of the boundary layer and a net sink term in the upper part. This is compensated by the transport term T, reflecting the fact that kinetic energy is transported from the lower half to the upper half of the boundary layer by the nonlocal strong thermals.
The diagnosed profile of the scaling factor b is displayed in Fig. 6b . The fact that the diagnosed value of b is rather independent of height and time is a justification for the assumption that ⑀ w can be scaled with ⑀ by a constant factor. The result suggests b Ӎ 0.5, a value that we will adopt in the parameterization and the onecolumn simulations in the next section. Finally, we initialize the updraft model by taking the mean value at the lowest model level z 1 and adding an excess that scales with the surface flux (Troen and Mahrt 1986) 
where wЈЈ s is the surface flux. For the standard deviation w we use the empirical expression (7). The value of the prefactor ␣ again is based on LES results that suggest ␣ Ӎ 1. Note that this value is much smaller than the value of ␣ Ӎ 8 originally proposed in (Troen and Mahrt 1986 ). This completes the updraft model that calculates, given the surface fluxes and the mean profiles, the updraft fields of u , q u , and w u , and the inversion height z * , the latter being the height where w u vanishes.
b. Eddy diffusivity and mass flux parameterization
To complete the EDMF approach (5) we need to specify the eddy diffusivity K and the mass flux M. A simple and robust method for the convective boundary layer is to use a profile method (Troen and Mahrt 1986 ) and we will do so accordingly. A so-called K profile should at least
• obey surface layer similarity near z ϭ 0, • vanish near the inversion, • exhibit a peak value K max /(w * z * ) Ӎ 0.1.
Holtslag (1998) proposed a K-profile K h for heat and moisture that obeys these constraints that we will adopt here. In a nondimensionalized form it reads
with k the von Kármán's constant and h0 an effective stability function given by
where L is the Obukhov length. Eliminating the Obukhov length in terms of z * and w * finally gives
͑20͒
Note that (20) is about proportional to the product of w as given by (7) and a length scale similar to the one given by (16). This observation illustrates the analogy between the present K-profile method and methods in which the eddy-diffusivity is estimated as a product of a length scale and a velocity scale. Since surface layer similarity determines the surface fluxes and the updraft model determines the inversion height z * , (20) completely determines the eddy diffusivity profile.
The mass-flux M Ӎ a u w u is directly proportional to w u since a u is constant by definition. This allows the mass flux to scale with the standard deviation w (see Fig. 4b )
with c m Ӎ 0.3 and where we use the parameterized form (7) for w . Alternatively one can also directly use the definition of the mass flux M Ӎ a u w u and use the updraft velocity equation (15) (Soares et al. 2004 ).
c. Implementation of the scheme
An often-undervalued aspect of any parameterization is its numerical implementation. The numerical challenge of the present scheme is how to discretize the time evolution equation (2) due to turbulent mixing as estimated by the present EDMF approach (5) 
In order to solve this advection-diffusion equation in a consistent manner, a full advection-diffusion solver is used. The diffusion and the mass-flux coefficients can be quite large when compared with the time step and vertical grid space typically used in climate and NWP models. In fact, these coefficients often exceed the numerical stability limits for both the diffusion and advection explicit schemes. Because of this, the typical turbulent diffusion equation in climate and NWP models is generally solved in an implicit manner (Girard and Delage 1990; Beljaars 1991) . The advective mass-flux transport, however, is usually treated in an explicit manner, although it has been shown that the mass-flux term violates the stability criterion on a regular basis (Jakob and Siebesma 2003) . In order to address these stability problems, the mass-flux and diffusion terms in the present scheme are solved simultaneously in an implicit manner according to an algorithm already tested in the European Centre for Medium-Range Weather Forecasts (ECMWF) model (Teixeira and Siebesma 2000) . For details on the numerical discretization of (22), we refer to appendix B.
Single-column model results
a. Reference case
We will proceed by using case 1 as described in section 3 to evaluate the EDMF parameterization. Although this case has been used to design the parameterization, it is still a useful test since it answers the question to which extent the mean turbulent transport in three dimensions can be faithfully represented in one dimension. To this purpose a single-column model (SCM) with the above-described EDMF scheme has been developed. For the time stepping the implicit scheme described in appendix B is used. The values of the constants in the reference case are based on the LES results discussed in the previous section and which are summarized in Table 2 .
In order to exclude possible errors due to a toocoarse resolution we use in the reference run the same high vertical resolution of 20 m as in the LES model. Additionally we also repeat the same experiment with a coarser resolution to assess to what extend the parameterization is sensitive to the used vertical resolution. This low-resolution run uses the same resolution as in the 60-level operational ECMWF model (Teixeira 1999) . For the present simulations, only the lowest thirteen levels are active, which are at about 10, 35, 75, 125, 200, 295, 410, 560, 730, 930, 1165, 1430, 1725, and 2050 m.
The boundary layer growth is critically dependent on the model formulation of the inversion height z * because of the use of a K-profile method. Therefore care is needed to determine z * on a discretized grid in order to avoid possible resolution dependencies. Therefore, two modifications to the model formulation are added. First the inversion height z * , defined as the height at which the vertical velocity vanishes, is determined by finding the zero-crossing of the updraft velocity by interpolation between the highest level with a positive w u and the subsequent level that has a negative vertical velocity. This allows a smooth growth of the boundary layer height. Second, since near the inversion the entrainment term becomes increasingly important, we propose a modified formulation of the lateral entrainment to reduce the resolution sensitivity
where ⌬z represents the vertical grid size where ⑀ is evaluated. Note that in the limit of high-resolution ⌬z → 0 the original formulation (16) is recovered. The addition of the factor ⌬z assures the entrainment near the inversion can never exceed c ⑀ /⌬z, which is a reasonable upper limit for the grid-averaged lateral entrainment near the inversion. Since we do not want that any spinup effects of the LES model runs influence the evaluation, we initialize the SCM with mean profiles of the LES model after 0.5 h of simulation (see Fig. 7a ). Figure 7a shows the SCM results after 5 and 10 h of simulation along with the corresponding LES results. It can be observed that the temperature evolution of the boundary layer is well reproduced by the SCM, also in the low-resolution mode. This suggests that the boundary layer growth and the top-entrainment process are well captured by the SCM. This hint is confirmed in Fig. 7b where the boundary layer (BL) height evolution of the SCM is shown and compared with the LES results. The wiggled structure of the BL height growth for the low resolution is the only remnant of the coarse resolution. Figure 7c focuses more on the internal dynamics of the model. Figure 7c evaluates the nondimensionalized updraft velocity after 10 h of simulation. This result indicates that the updraft model is not only producing the correct boundary layer growth but also the proper updraft characteristics. Finally, in Fig. 7d , the nondimensionalized resulting heat flux after 10 h of simulation is displayed along with the flux from the LES model. Moreover, the breakdown of the turbulent flux of the EDMF scheme into the contribution of the diffusion term and the nonlocal mass flux is shown in the same figure. A couple of remarks should be made here. First it should be observed that both terms contribute to the negative entrainment flux in the inversion: the diffusion term because it is downgradient and the massflux contribution because the updraft temperature is lower than the mean temperature in the inversion. Second, the mass-flux term provides, except in the surface layer, the dominant contribution to the turbulent flux. In fact it turns out, as we will see in the next subsection, that the precise magnitude of the eddy diffusivity is not that relevant.
b. Model sensitivity
It is good practice to provide insight on the sensitivity of the parameterization scheme to the used parameters. 
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As an integral measure for the sensitivity, the boundary layer height after 10 h of simulation is evaluated. Each of the parameters displayed in Table 2 is increased and decreased by 20% and the effect of this change on the boundary layer height is shown in Fig. 8 .
The largest sensitivities are due to the parameters c ⑀ and b, which determine the intensity of the lateral entrainment. The sensitivity c m that determines the strength of the mass-flux contribution is rather small. Also, the sensitivity to the initialization of the tempera- FIG. 7 . Single-column model results with a high (dots) and a low (dashes) vertical resolution of the EDMF scheme evaluated with LES results (full lines); (a) initial vertical profile and profiles after 5 and 10 h of simulation, (b) time evolution of the boundary layer height, (c) nondimensionalized updraft velocity of the thermal after 10 h of simulation, and (d) the total nondimensionalized turbulent flux, produced by the LES model (thick full line) and the SCM (thin full line) after 10 h of simulation. Also displayed is the breakdown of the turbulent flux of the EDMF scheme into the diffusion contribution (dashes) and a contribution due to the mass-flux term (dots). ture excess as expressed by the factor ␣ is small. This is because the sensitivity is strongly damped by the lateral entrainment of the updraft. In short, the most sensitive parameters are those that directly influence the determination of the boundary layer height, since z * determines the growth rate of the boundary layer height and hence the top-entrainment flux.
There is also a remarkable insensitivity to the eddy diffusivity K that was already briefly mentioned in the previous subsection. In order to quantify this aspect, the intensity of the K profile (20) is also increased and decreased by 20% without any effect on the model output. In fact, we are able to reduce the effect of the K profile by 80% without any significant effect on the model. Similar to Fig. 7d we show in Fig. 9 the breakup of the total heat flux into the diffusive contribution and the mass-flux contribution after 10 h of simulation for this reduced diffusion case. It can be observed that almost the entire heat flux is faithfully reproduced by the mass-flux contribution only, except near the surface where the diffusion is still the dominant term. One might argue that this observation would promote a parameterization in terms of mass flux only. However, we strongly think that the inclusion of a diffusion term is crucial for a number of reasons. First, in the present convective case it is true that the precise value of the diffusion is not that important, but if we lower the amplitude of the K profile even further by 90% the model becomes unstable near the surface and strong wiggles in the separate flux contributions can be seen. In the present convective case, the diffusion acts mainly as a stabilizing smoothing operator. Second, the role of the diffusion will become more physically relevant in the case of a transition to neutral or stable boundary layer. In that case, the nonlocal mass flux contribution will vanish and the diffusion has to be the main mixing mechanism. With only a mass-flux parameterization, a smooth transition to and a proper parameterization of the neutral and stable boundary layer will become unnecessarily painful.
c. Other approaches
In this section, we want to confront the EDMF approach with two other more traditional methods. The first one is the usual ED approach without any extra nonlocal modifications. The second approach is to use a countergradient (EDCG) term to take into account nonlocal transport. In formula this second approach is given by (1) where we choose for the nonlocal term ␥ the formulation suggested by Cuijpers and Holtslag (1998) 
with a Ӎ 2. The three approaches are summarized in Table 3 . We emphasize that, in order to make the comparison as clean as possible, in all three cases the same K-profile method with the same vertical velocity equation (15) is used to determine the BL height z * . This way we can assess in a transparent way the impacts of the classic countergradient approach and the mass-flux contribution to the bare eddy diffusivity approach. FIG. 8 . Effect of the variation of the used constants in the EDMF scheme as given in Table 2 on the boundary layer height after 10 h of simulation. Note that the parameters with the strongest sensitivity are those that directly influence the determination of the BL height. Fig. 7d but now with a run in which the K coefficient is reduced by 80% with respect to the reference run. Note that the turbulent flux is almost completely determined by the mass-flux term and that even after 10 h of simulation the SCM flux profile is similar to the flux profile produced by the LES model.
FIG. 9. The same as in
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Again as an integral measure, we first show in Fig.  10a the boundary layer growth of all three models for case 1. The results might appear to be somewhat surprising at first sight; the ED model overestimates the boundary layer height indicating too-aggressive boundary layer growth while the EDCG model strongly underestimates this boundary layer growth. In order to explain these results we display the average profiles of after 10 h of simulation of the three models along with the LES profile in Fig. 10b . Obviously, since the ED model is apparently too aggressive, the mean temperature in the boundary layer is too high while, on the opposite, the EDCG model underestimates the mean temperature in the boundary layer. Figure 10b also shows that the ED model produces an unrealistic unstable temperature profile. Historically, it is for this reason that the countergradient term has been introduced and indeed, as can be observed in Fig. 10b , the EDCG model gives a stable potential temperature profile in the upper half of the boundary layer. These shapes explain the fact that the ED schemes is more aggressive than the EDCG and the EDMF approach: because of the unrealistic unstable profile of the ED approach, the vertical velocity is fed with a too-strong buoyancy source term and, as a result, the updraft penetrates too deep into the inversion. This causes a too-strong entrainment and hence an overaggressive growth of the boundary layer height.
This still leaves the riddle of why the countergradient (EDCG) method is less active than the proposed EDMF method. The reason for this can be easily understood if we again make a breakdown of (1) into the ED contribution and the CG contribution with the format (24) for the 10th hour of the EDCG run (see Fig.  11 ). Because the countergradient term is always positive, also in the entrainment zone, it reduces the topentrainment flux. In fact, for the present case the eddy diffusivity and the countergradient term almost balance, so, effectively there is barely any top-entrainment left. Therefore, in short, including a countergradient term has a profound effect of reducing the topentrainment rate. This explains the slow growth of the BL height of the countergradient experiment when compared with the EDMF approach.
This result might sound somewhat contradictory with respect to previous claims that the nonlocal schemes with a countergradient formulation enhance turbulent mixing leading to deeper boundary layers than with a local scheme without such a countergradient term (Holtslag and Boville 1993; Holtslag et al. 1995) . The reason for this is that in these studies, the eddydiffusivity formulations used for the local and nonlocal schemes are not the same. The reason that the nonlocal scheme appears to be more active despite the countergradient term is due to the use of an aggressive Kprofile method with a parcel method to estimate the BL height. The present results in this study are qualitatively in agreement with the findings of Stevens (2000) who found, using 1-yr integrations of the standard Community Climate Model (CCM) version 3.2 with fixed SSTs (Kiehl et al. 1996) , that switching off the countergradient term leads to an increase of the globally averaged BL height.
d. Evaluation of the model with the other LES cases
So far we have limited our evaluation of the EDMF model and other approaches to case 1. We conclude our study by evaluating the boundary layer growth for all six cases for the reference EDMF model, the EDCG model, and the ED model, and compare these results with the LES data. As already mentioned in section 3, a critical test for these models is whether they can reproduce the dimensionless boundary layer height z * /z e for the limit t → ϱ. As none of these schemes have the level of sophistication to incorporate the dependency of the entrainment flux on the Richardson number (see Fig. 3b ), it is not realistic to expect that these 1d-models can reproduce the variation of z * /z e from case to case.
The test will therefore be whether the abovementioned models are capable of reproducing values of z * /z e that fall within the range of z * /z e produced by large-eddy simulations. The LES results are shown in Fig. 12 . The thick line is the time evolution of z * /z e for the ensemble mean LES results, while the standard deviation of z * /z e based on the six cases is shown as a gray band around the mean. The results for all six cases for the EDMF, EDCG, and the ED model are plotted in this Fig. 12 as well. This shows that the results found for case 1 are quite generic: the EDMF model generates boundary layer growth for all cases that fall within the range [1.2, 1.3] and compare reasonably well with the LES results. The EDCG model underestimates the boundary layer growth in all cases while the ED model overestimates the boundary layer growth in all cases.
Conclusions and perspectives
Convective boundary layers are ubiquitous in the atmosphere and they have a fundamental impact on the physics and dynamics of the climate system. However, due to coarse horizontal resolution, the turbulent and Table 1 along with the LES results. These are shown as an ensemble mean (thick line) and a band that indicates the standard deviation of the ensemble.
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convective flow within the boundary layer cannot be explicitly resolved by current weather (global or mesoscale) and climate prediction models. Parameterizations of these subgrid fluxes are then necessary in order to achieve some level of realism. In spite of its apparent simplicity, due to the lack of condensation effects, dry convective boundary layers are still a major challenge in weather and climate modeling, in particular the representation of the boundary layer top-entrainment and the countergradient fluxes. In this paper we propose a unified way of representing the subgrid vertical flux in dry convective boundary layers, by combining the eddy-diffusivity (ED) approach (typically used for the parameterization of dry and stratus/stratocumulus boundary layers in weather and climate prediction models) with the mass-flux (MF) approach (typically used for the parameterization of shallow and deep moist convection).
The EDMF approach is based on the idea that the MF closure is able to represent what we refer to as nonlocal transport due to the strong thermals, while the ED closure is able to represent the more local turbulent transport. In section 2, it is shown that the EDMF closure follows naturally from a decomposition of the subgrid vertical transport into 1) the strong organized updrafts, and 2) the remaining environment.
In section 3, numerical simulations of the dry convective boundary layer were carried out with a largeeddy simulation (LES) model. These simulations were used to establish the EDMF concept in a more solid base and to obtain estimates for the parameters needed, such as the updraft model, ED and MF coefficients.
LES results were also used to evaluate the new EDMF parameterization. When compared to LES, the new closure represents well the evolution of the main properties of the dry convective boundary layer. The overall growth of the boundary layer is reproduced in an accurate way, even when a relatively poor vertical resolution is used. This result means that the EDMF representation of the top-entrainment must be particularly realistic. The well-mixed nature of the potential temperature profile is achieved in a, probably, unprecedented manner. The linear nature of the buoyancy flux profile, quasi-parabolic nature of the updraft vertical velocity, and updraft temperature are also shown to be realistic when compared to LES results.
Some of the current alternatives, in particular the explicit parameterization of the countergradient fluxes, are analyzed in some detail and compared to the EDMF approach. It is shown that the more traditional countergradient closures indeed reproduce a correct internal structure of the boundary layer, but at the expense of strongly underestimating the ventilating top entrainment. The reason for this last point has been shown to be associated with the negative impact that the countergradient term has at the entrainment level.
Historically, to our knowledge, Chatfield and Brost (1987) were the first to apply a mass-flux approach to an updraft-downdraft decomposition and combine this with an eddy-diffusivity approach for the remaining subplumes to study scalar transport in the dry convective boundary layer. The importance of these subplumes for the total turbulent transport was studied in detail for reactive scalars in the convective boundary layer by Petersen et al. (1999) . That concept has been further extended in a higher-order closure framework by Lappen and Randall (2001a,b) and has been applied to both dry and moist convection by these authors.
The present EDMF scheme is based on the ideas from Siebesma and Teixeira (2000) and differs from the previous studies most notably in the definition of the updrafts: since the primary motivation for this study was to establish a continuous formulation between dry thermals in the convective boundary layer and the entraining plumes within the cloud layer, a straightforward updraft-downdraft decomposition is not appropriate. It is for this reason that the strong updraft definition presented in section 3 has been used: LES results show that the strongest updrafts at the top of the subcloud layer actually do form the cloudy cores at cloud base. Therefore, the main advantage of this avenue is that it naturally opens the way for a scheme of the cloud-topped boundary layer by allowing the moisture in the strong updraft to condense. No switching of a moist convection scheme is then necessary anymore. In such a case, the updraft model is always active and decides independently whether these updrafts become cloud-core updrafts or not.
The present version of the EDMF scheme for the dry convective boundary layer is part of the ECMWF model since cycle 29.3 that became operational in April 2005. The EDMF framework also has been implemented successfully in the nonhydrostatic mesoscale atmospheric model of the French research community (Meso-NH; Soares et al. 2004) . One main difference with the present formulation is that the eddy-diffusivity in Soares et al. (2004) is calculated using a prognostic turbulent kinetic energy (TKE) equation (Cuxart et al. 2000) . Let us emphasize here that the specific choice of how to calculate the eddy diffusivity (TKE or K profile) is important, but not essential for the principle of the EDMF framework.
We would like to conclude with some thoughts on how to extend this framework to the cloudy boundary layer. In Soares et al. (2004) , the extension of the EDMF approach to moist convection has been studied. The updraft equations have been extended by allowing for condensation. Above cloud base, a constant fractional entrainment rate of ⑀ ϭ 2 10 Ϫ3 m Ϫ1 is used and the mass flux is determined below cloud base by M ϭ a u w u where the updraft velocity w u follows from the updraft equation (15), while above cloud base the mass flux is simply diagnosed from the cloud-core continuity equation (8). This form of the EDMF scheme has been implemented in the Meso-NH model and evaluated with observations from the Atmospheric Radiation Measurement (ARM) Southern Great Plains (SGP) site on 21 June 1997 during which a typical diurnal cycle of cumulus convection was observed (Brown et al. 2002; Lenderink et al. 2004) .
At ECMWF, the EDMF framework has been extended by enhancing the dry K profile (20) to moist conditions in order to allow for diffusive mixing in the stratocumulus-topped boundary layer as proposed by van Meijgaard and van Ulden (1998) . The eddy diffusivity is then based on both surface and cloud-top forcing. This parameterization is operational since April 2005 and drastically improves the representation of marine stratocumulus with additional benefits to continental winter stratus (Koehler 2005) . At the moment, the EDMF framework is being extended to shallow convection as well in the ECMWF model using multiple mass-flux terms (Cheinet 2003) . The EDMF approach has also been recently successfully applied to pollutant transport in the cumulus-topped boundary layer (Angevine 2005) .
A number of open questions still remain that provide an active source of research at this moment. First, there is the issue of what to use for the fractional entrainment formulation. Soares et al. (2004) essentially use a combination of the present formulation (16) combined with a typical constant value above cloud base that is diagnosed from LES studies for shallow cumulus convection (Brown et al. 2002; ). An interesting alternative has been proposed by Cheinet (2003) and is a combination of the present formulation (16) and a formulation that has been proposed in Neggers et al. (2002) 
where represents the eddy turnover time. In the lower part of the boundary layer the c ⑀ /z term dominates while in the upper part of the boundary layer and in the cloud layer the entrainment rate is determined by 1/(w u ). Indeed the fractional entrainment rate is about inversely proportional to the updraft vertical velocity. The simple rational behind this behavior is that slow updrafts have simply more time to mix with environmental air than fast updrafts. This formulation has the advantage that it works in the cloud layer as well as in the subcloud layer and, moreover, it does not require the inversion height z * as an input variable. Second, there is the issue of the updraft velocity equation. The formulation (15) is identical to formulations used in moist convection schemes (Gregory 2001 ) but with different coefficients. A similar diagnosis for the updraft velocity equation in the cloudy core should shed some light on this issue. Third, there is the issue of the mass flux. For the clear boundary layer, one can use the vertical velocity variance to scale the mass-flux (21) but this scaling does not hold anymore in the cloud layer. Using the updraft velocity w u instead (Soares et al. 2004 ) is an interesting alternative that automatically provides a closure for the mass flux at cloud base that is closely related to the mass-flux closures proposed by Grant (2001) and Neggers et al. (2004) .
Let us finally note that the present proposed formulation can be extended to multiple entraining plumes. Recent studies have shown that multiple entraining plumes can give an accurate description of the turbulent transport and the variability in both the clear (Cheinet 2003) and the cloud-topped boundary layer (Cheinet 2004; Neggers et al. 2002) . The present study, however, shows that, as far turbulent transport in the convective dry boundary layer is concerned, one updraft equation is sufficient.
⑀ Ӎ
